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ADENOSINE 3', 5'-CYCLIC MONOPHOSPHATE-
STIMULATED PROTEIN KINASE FROM HUMAN SKIN 
II. ! SOLATIO N AND PROPERTIES OF MULTIPLE FORMS * 
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ABSTRACT 
Multiple forms of a d en os ine 3', 5' -cyclic m onop hosphate-st i mul a ted protein kinase have 
been demonstrated in hum a n s kin. M a ny of t hei r kinetic parameters appear to be quite s im-
ila r for t he var ious forms. Furthermore, t he ir properties rese mble t hose of protein kinases 
iso lated fro m numerous other t issues. All th ree forms are opt ima lly active between pH 8.0 
and 9.0. T hey exhi b it a n appa rent Km of between 1.5 a nd 1.8 x 10 - •M for cycl ic AMP'Il a nd 
between 0.20 a nd 0.45 mg/ml for histones. The ana logs of cycli c AMP a lso stimulate t he en-
zy mes but on ly at con cen trations hi gher t ha n t hat of cycl ic AMP. The Km values for ATP 
were n ot s ignificantly a ltered by cycli c AMP (1.3 x lQ- •M in t he absence of cycli c AMP a nd 
1.4-2.1 x 10- ''M in its prese nce) a nd were nearly identi ca l fo r a ll three forms of the en zym e. 
Aden osine -3', 5' -cyc lic monophosphate-stimu-
lated prote in phos phokinase act iv ity has been 
demonst rated in a wide variety of tissues and 
organisms (1 - 8}. Such a wide d istribution of t hi s 
enzy~P- e has resul ted in a hypothes is according to 
wh ich cycl ic AMP a nd, t herefore , t hose hormo nes 
which affect t he levels of t his nucleotide may 
exert t hei r varied effects th rough act ivation of 
spec ifi c protein kinases (6, 9) . In a previous com-
munication (10), we have d escribed preliminary 
observations regarding t he prese nce of a cycl ic 
AMP-stimulated protein kinase in huma n s kin. 
Furthe r studi es reported here indicate that human 
skin may contain t hree form s of t he en zyme. Al-
t h ough multipl e form s of protein kinases have 
been shown to be present in reti culocytes (8) , 
e rythrocytes (11), muscle (12) and li ver (13) of 
rabbit and mammary gland of rat (14), t hose con-
tained in human s kin see m to offer a s li gh t ly dif-
ferent pattern. We have extended our prev ious 
s tudies and present here some of the properties 
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a nd kinetic pa rameters of t he three form s of pro-
te in kinase iso lated from huma n sk in . 
MATEIUALS AND METHODS 
Freshly excised human skin was obta ined from the 
operating room. The sites !'rom which the skin was re-
moved were the leg, abdomen and breast. ,. - ' 2P-ATP 
and ' H-labe led cyclic AMP were pu rchased from ew 
E ngland Nuclea r Corporation, Cambridge, Mass. Calf 
thymus histone, lys ine- ri ch histone, arginine- rich his-
tone, sa lmon-sperm protamine and the va ri ous nucleo-
t ides and cyclic nucleotides were purchased from Sigma 
Chem ica l Company. Casein and Albumin were obtained 
from Nutri t ional Biochem icals Corporat ion and Pentex 
Incorporated respective ly. All other chemi cals were 
reagent grade. 
Assay for protein kinase. Protein kinase activity was 
determined by measu ring the a mount of " P incorporated 
into histone (8). T he reaction mixture conta ined in a final 
volume of 0.2 ml; 20 11 mole of Tris- HCI, pH 8.5, 0.8 11 
mole of MgCJ2, 0.04 11 mole of ,. - " P-ATP (between 20 
and 25 cpm / p mole) , ±0.001 11 mole cycli c AMP, 0.36 
mg of calf' thymus histone and enzyme protein . The mix-
tu re was incubated at 37° for 5 minutes and the reaction 
term inated by the addition of 10% TCA. The protein 
precipitate was collected on Whatman GF/C glas 
fiber paper, wa heel with 10% TCA, and the radioactiv-
ity coun ted by placing the fi lte r paper in 5 ml of Bray' 
solu tion {15). Specifi c activity of the enzy me was ex· 
pressed as pica moles of " P incorporated per mg protein 
per 5 minute incubati on. P rotein concentration was 
determined by the method of Lowry et a/ . (16) using 
bovine serum albumin as the sta ndard. 
Bindinf! of cyclic AMP to kinases. Cycli c AMP 
binding to the kinases was measured on Millipore fil. 
ters. (17). The binding mixture in a final volume of O.l 
ml conta ined 2 11 mole of Tris-HCI pH 7.5, 0.4 11 mole 
Mg Cl2, 50 p mole of ' H-Iabeled cycli c AMP (1500-2500 
cpm/p mole) and enzyme. The mi xture was incubated 
at 37 ° for 3 minu tes and transferred to an ice-water 
bath. Millipore filters (HA 0.45 11 pore size, 24 mm) 
were presoaked in cold 0.02 M Tris- HCI, pH 7.5 con· 
ta ining 4 mM MgC I2 (bu ffer B). At the end of' the incu-
bation period , the binding mixture was diluted with 
cold butTer B, and filtered through the Millipore filters. 
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T he filters were washed repeated ly with cold buffer B, 
d issolved in 5 ml of Bray 's solu t ion in counting via ls, 
and counted. 
Enzyme purification. All operations were performed 
a t 2- 4°. Skin co llected from the operat in g roo m was 
cleaned of fat and blood and stored under liquid ni -
trogen un ti l a nalyzed. Before ana lysis was undertaken, 
170 g of skin was cut into small pieces and pulverized 
under liquid ni trogen in a Wiley Mill. The powder thus 
obta ined was suspe nded in cold 0.02 M Tris-HCI, pH 
7.5, containing 1 mM dithiothreitol (buffer A-2 ml per 
gram of wet weight of t issue) and sonicated briefly (15 
sees x 4) in a Branson sonifier. The resultant viscous 
materia l was centr ifuged at 35,000 x g for 30 minutes. 
Solid streptomyc in su lfate was then added to the clear 
supernatant to obtai n a fin a l concentration of 1%. After 
abou t 15 minutes, the mi xture was centrifuged at 12,000 
x g for 15 minutes . To the supernatant fract ion, solid 
ammonium sulfate was added while sti rring to yield 
50% saturation, and about 30 minutes late r the precipi-
tate was separated by centrifugation as before . The 
pellet thus obta in ed wa s disso lved in a minimum 
amount of buffer A and was dialyzed for 15- 18 hours 
against 2 liters of this buffer. The enzyme solution was 
clarified by centrifugation at 100,000 x g for 90 min -
utes . The supernata nt was then stored frozen under 
liquid nitroge n at this stage or processed immediately 
as follows. 
T h e enzyme was app lied to a DEAE-cellulose column 
(11 x 2 em) which had been previously equilibrated 
with buffer A. The column was then washed with 80- 100 
ml of this buffer and the enzy mes were elu ted with a 
linear KCl grad ien t from 0.0- 0.3M in a tota l volume of 
200 mi. Fractions of 2.5 ml each were collected . Kinase 
activ ity and cyclic AMP binding activity in the frac-
tions were measured as descr ibed above. The peak frac-
tions of enzyme activity were pooled, dialyzed aga inst 2 
liters of buffer A and then concentrated by DlAFLO 
ultrafil tration . The enzymes were then stored in liquid 
nitrogen. 
RESULTS 
DEAE-cellulose chromatography. The e lution 
profile of protein kinases of human skin from a 
DEAE-cellulose column is shown in Figure 1. 
Three kinase activities eluting at about 0.05 M, 
0.1 M a nd 0.15 M KCl were detected. These ac-
tivities have been designated as Kinase I, Kinase 
II and Kinase III respectively. Binding of cyclic 
AMP by Kinase I and Kinase II was observed but 
Kinase III showed low binding activity. Whereas 
Kinase I is a distinct entity, our data do not 
perm it us to conclude at present that Kinases II 
and III a re t wo different species or m odified 
forms of one parent type. 
Time course of reaction and effect of varying 
enzyme concentration. The cata lys is of histone 
phosphoryla t ion by skin protein kinases is illus-
trated in Figure 2. The reaction was linear for 
more than 10 minutes in the prese n ce of cyclic 
AMP and was proportiona l to en zyme con centra -
tion (Fig. 3). Cycli c AMP stimulated the Kinase I 
reaction 2 to 3-fold a nd Kinase II a nd Kinase Ill 
to a lesser degree. 
pH optima. Figure 4 illustrates effect of pH on 
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FIG. 1. Separation of human skin prote in kinase on 
DEAE-cellulose. Approximately 800 mg of protein 
obtained from t he 100,000 x g centrifugation were ap-
plied to a co lumn of DEAE-cellulose (11 x 2 em) equili-
brated with 0.02M Tris-HCl, pH 7.5, conta ining 1 mM 
dithiothreitol. The column was elu ted with a linear gra-
dient of 0.0- 0.3M KCl in a tota l volume of 200 ml of the 
same buffer. Fractions of 2.5 ml each were collected and 
a liquots (50 111) of a lternate fraction assayed for 
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FIG. 2. The effect of' incubation t ime on kinase ac-
tivity. Experimenta l cond itions are described in the 
text. 102 pg of Kinase I, 94 11g of Kinase U and 83 11g of 
Kinase III were used per incubation . Speci!'ic activity of 
'Y- "P-ATP was 21 cpm / p mole. 
th e act ivity of t he kinases . Kinases II a nd III 
show m ax imum act ivi ty between pH 8.0 a nd 9.0 
both in the presence and in the absence of cyclic 
AMP (F ig. 4B & C). Al t hou gh Kinase I showed 
optimum activi ty between pH 8.0 and 9.0 in t he 
presence of cycl ic AMP, t his was shi fted s li ght ly 
to between pH 8.5 and 9.5 when assayed in its 
absen ce (Fig. 4A). 
Apparent Km for cyclic AMP and its analogs. 
The relationship between enzym e activity and 
cyclic AMP con centration for Kinase I is shown 
in Figure 5. From plots s imila r to t h e on e sh own 
in Figure 5B, t he con cen trations of cycl ic AMP 
required to give ha lf-maxima l velocity (Km) were 
ca lculated. These values were between 1.5 x w-• 
M and 1.8 X w-• M for the t hree en zym es (Tab le 
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FIG. 3. The effect of protein kinase concentration on 
the rate of histone phosphorylation. Experimental con-
ditions were identical to those described in the legend 
for Figure 2 except that different amounts of protein 
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FIG. 4. The effect of pH on kinase act ivity. Assay 
conditions are described in the text, except that the pH 
of the Tris-HCI buffer was varied . Enzyme concentra-
tions were the same as for the experiment in Fig. 2. 
Spec ific activity of 'Y - " P-ATP was 19 cpm/p mole. 
I) . The maximum stimulation of enzyme activity 
was realized at a cyclic AMP concentration of 
about 10 - ' M. Increasing concentrations of cyclic 
AMP caused a lower stimulation of enzyme ac-
tivity (Fig. 5). 
Cyclic GMP, cyclic UMP and cyclic CMP were 
a ll able to stimulate protein kinase activity but 
maximum activation was achieved only at rela-
t ively high concentrations of these analogs. As 
shown in Table I, the Km values for these cyclic 
nucleotides are also greater in comparison to 
cyclic AMP. 
Effect of varying the concentration of A TP on 
kinase activity. The activities of Kinase I and 
Kinase III as a function of ATP concentration 
both in the presence and in the absence of cyclic 
· 6 
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FIG. 5. The effect of cycl ic AMP concentration on 
histone phosphorylation by Kinase !. Ex peri mental 
conditi ons are described under " Materials and 
Methods." 102 J,Lg of enzyme was used per incubation. 
Specific act ivity of 'Y - ' 2P-ATP was 18 cpm/p mole. Fig. 
5B shows a double reciprocal plot of the da ta in 5A. 
TABLE 1 
Apparent Km values of skin protein kina.5es for cyclic 
nucleotides 
Incuba t ions were performed as indicated under " Ma-
terials and Methods" except that protein kinase activi-
ties were determined at different concentrations of the 
appropriate cyclic nucleotide. 102 llg of Kinase I, 94 11g 
of Kinase II and 83 11g of Kinase ill were used per incu-
bation. The basal activity of the enzyme in the absence 
of added cyc li c nucleotide was subtracted from t he ob-
served activity. Specific activi ty of 'Y - '•P-ATP was 22 
cpm/p mole . 
Apparent K m for 
Cyclic Cyclic Cyclic Cyclic 
AMP GMP UMP CMP 
M X 10' M X 10' M X 10 ' M X 10' 
Kinase I 1.7 1.5 3.0 3.4 
Kinase II 1.5 12.5 8.0 5.0 
Kinase III 1.8 5.5 9.5 9.5 
A_ 
I. t t yclot AMP ·~ B 
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:m: + cyclic AMP 
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FIG. 6. The effect of varying ATP concentration on 
kinase activity. Experimental conditions are described 
in the text. 102 11g of Kinase 1 and 83 11g of Kinase lll 
were employed per incubation. Specific activity of 
'Y - "P-ATP was 22 cmp/p mole. The same data in Figure 
6A is expressed as a double reciprocal plot in Fig. 6B. 
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AMP are depicted in Figure 6. Although cycl ic 
AMP st imulated the activity of Kinase I to a 
great degree and increased the maximum velocity 
of the enzyme react ion, the cyc lic nucleotide did 
not significant ly a lter the apparent Km for ATP. 
For Kinase I, Km va lues (for ATP) of 1.4 and 2.1 
x 10 - 5 M were obta ined in the absence and pres-
ence of cyclic AMP respectively, whereas Kinase 
III y ielded va lues of 1.3 and 1.4 x w- 5 M, under 
the same condi tions. A Km value of 1.4 x 10- 5 M 
was ca lculated for Kinase II in the presence of 
cyclic AMP. 
Effect of nucleotide analogs. The abili ty of var-
ious ana logs of ATP to interfere with the kinase 
reaction was verified at the same concentration 
(0.2 mM) as -y - 32P-ATP. The resul ts of these 
studies are sum mari zed in Table II. Except for 
ADP which inhibi ted the activity of the three 
kinases from 20-40%, a ll the other nucleotides 
were wit hou t much effect. Since ADP is a product 
TABLE II 
Effect of A TP aTUJlogs on skin protein kiTUJse activity 
Incubations were performed as described under " Ma-
te rials a nd Methods" in presence of cyc lic AMP except 
that the various nucleotides were present, where indi -
cated , in a fina l concentration of 0.2 mM . 102 11g of 
Kinase I, 94 11g of J{ inase II a nd 85 11g of Kinase III were 
used per incubation. K inase act ivity is expressed as p 
moles 32P incorporated per 5 minute incubation. Spe-
cific activi ty of -y - 32P-ATP was 21.4 cpm /p mole. 
l<inusc I 1\innse I I 1\inusc III 
3 ~P incor- % l~ p incor- % 
32 P incor- % porn Led cont rol porn ted control porn ted control (p moles) (p moles) (p moles) 
Control 474 100 258 100 577 100 
ADP 389 82 191 74 316 61 
AMP 506 107 253 98 450 87 
GTP 450 95 250 97 460 89 
GDP 496 105 260 101 488 94 
CTP 579 122 262 101 463 90 
UTP 394 83 228 89 466 90 
of the kinase reaction, the inhibi t ion observed by 
ADP may be a result of t he reversa l of the reac-
tion. 
Apparent Km for histone. The effect of varying 
histone concentration on kinase activity in the 
presence and in the absence of cycl ic AMP was 
studied. As shown in Figure 7 (similar data were 
obtained for Kinase Ill) and as was observed 
when ATP was varied, t he ap parent Km values 
were not significantly d ifferent when the Kinase I 
reaction was measured in the presence (Km = 
0.25 mg/ml) or in the abse nce of cycl ic AMP (Km 
= 0.20 mg/m l). However, the maximum ve locity 
was greatly stimulated by cycl ic AMP (Fig. 7) . 
The apparent Km values for Kinase II were 0.31 
mg/ml in the presence of cyc li c AMP and 
0.32/mg/ml in its absence while those for Kinase 
III were 0.45 mg/ml and 0.36 mg/ml under similar 
condi t ions. 
Acceptor activity of various protein substrates. 
P roteins other than histones a lso serve as sub-
strates for the three protein kinases (Table Ill) . 
Lysine-rich histone appeared to be the best pro-
tein acceptor for Kinase I but for Kinase II and 
':'Q 
H1 stonc mg / ml 
., 16 -
16 
' -· !HoiiOfi i ,"'OI "' ll 
FIG. 7. T he effect of histone concentration on kinase 
activity. 32P incorporation was measured as indicated 
under '"Materia ls and Methods." 102 11g of Kinase I and 
112 11g of Kinase II were employed per incubation. Spe-
cific activity of 'Y - "P-ATP was 21 cpm/ p mole. Fig. 7B 
shows a Lineweaver-Burke plot of data in Fig. 7 A. 
TABLE Ill 
Protein hina~e activity m easured DJ.Iainst various protein acceptors 
Incubations were performed as described in ""Materials a nd Methods' " exce pt for add ition of d ifferent protein 
acceptors to the appropriate tubes. 102 Il l{ of Kinase I. 94 111' of Kinase ll a nd 63 11g of Kinase Ill were used per incu-
bation. Kinase activ ity is expressed as p moles '"P in corporated per 5 minute in cubation. Specific act ivity of -y - " P-
ATP was 18 cpm/p mole. 
Kinase I l<innsc II Kinuse Ill 
Substrnt c Minus P\u !.; Stimu - MillliS Plus St imu - M i nu~ Plus Stimu-Cyclic Cydic \ution Cycl ic Cycli c \otit) ll C\·clic yclic lntion AMP AMP r;, AMP AMP r, AMP AMP "), 
Histone 157 583 270 157 278 77 251 478 91 
Lysine-rich histone 107 724 576 62 131 111 91 210 131 
Arginine- rich histone 73 210 187 77 128 66 97 214 121 
Albumin 3 19 530 0 8 - 7 21 200 
Protamine 20 23 15 24 37 54 31 49 58 
Casein 11 20 82 0 1 - 9 19 111 
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Kinase Ill the 'mixed ' histone showed the highest 
acceptor activ ity. Cycl ic AMP stimulated t he dif-
ferent acceptors to varying degrees but with all 
th ree enzymes lys ine-rich histone was stimulated 
the most. The low degree of stimulatio n of Kinase 
I by cycl ic AMP when protamine is the substrate, 
may be related to t he ability of protamine to in -
teract with the regu latory subunit and dissoc iate 
the enzyme to its active state (ll). 
DISCUSSION 
Protein phosphokinases are oligomers of cata-
lytic and regulatory subuni ts (9, 18, 19). Ac-
cording to the model for t he mechanism of action 
of cyclic AMP on protein kinases, the cyclic nu -
cleotide binds to t he regulatory subunit(s) and 
releases t he catalytic subuni t(s) for enzymatic 
activity (8, 18, 19). Multiple forms of phosphoki-
nases demonstrated to be present in several tis-
sues (8, 11 - 14) are such oligomers. However, one 
of the t hree spec ies from rabbit muscle and liver 
(12, 13) and one of t he forms present in rat 
mammary gland (14) were shown to be non-stim-
ulated by cyclic AMP and therefore presumed to 
be a catalytic subunit(s) of the enzyme, whi le t he 
others were distinct spec ies stimulated by cyclic 
AMP. Based on the elu tion characteristics from 
DEAE-cellulose human skin conta ins three spe-
cies of enzymes, Kinase I, II and III. All three 
forms are stimulated by cyclic AMP, indicating 
that they are oligomers consisting of both cata-
lyt ic and regulatory subunits (8). The spec ies of 
kinase similar to the one observed in rabbit 
muscle and li ver (i.e. one which is not stimulated 
by cycl ic AMP) was not detected in human ski n. 
The possibi li ty t hat Kinase II and Kinase III may 
be distinct species or derived from a single parent 
form of the enzyme is currently under investiga-
tion. 
Kinases I, II and Ill were remarkably similar in 
many of their properties. Their pH optima both 
in the presence and absence of cycl ic AMP were 
not sign ificantly different from one another. The 
concentrat ion of cycl ic AMP required for ha lf-
maximal stimulatio n were nearly identica l for all 
three forms. Concentrat ions of cyc lic AMP higher 
than 10 - • M were inhibitory. The Km va lues for 
ATP were a lso sim ilar for all three kinases and 
cyclic AMP a lthough st imulated the maximum 
velocity of the enzyme reactions, was without ef-
fect on the ir Km values for ATP. Other purine 
and pyrimidine cyclic nucleotides also maximally 
stimulated a ll three enzymes but on ly at concen-
trafions of about 1000-fold greater than that of 
cycl ic AMP. Therefore, t he sk in protein kinases 
seemed to have a higher affini ty for cyc li c AMP 
than for its ana logs. The behavior of the kinases 
towards var ious protein acceptors we re a lso sim -
ilar. Lysine-rich histone appeared to be the best 
substrate and was stimulated the most by cyclic 
AMP. Cyclic AMP, a lthough maximally stimu-
lated the kinases, had no significant effect on the 
apparent Km for histone . 
Many of the properties described here for the 
sk in kinases were in genera l comparable to those 
of kinases studied in other tissues (2- 5, 12, 13). 
Moreover, the skin kinases themselves are alike 
in many respects and hence, no specific physio-
logical roles may be attribu ted to them based on 
the data presented here. At present we are unable 
to draw conclusions about the location of these 
enzymes, i.e. if they are present either in epi-
dermis or dermis or both; or in what cells or parts 
of a cell t hey may exist. Since nuclear as well as 
cytoplasmic protein kinases have been demon-
strated in liver ce lls (20), the mult iple forms of 
kinases reported here may originate from dif-
fere nt cell organelles . The clinical significance of 
our studies rests with the implication that protein 
kinases may have in gene act ivation (9) and the 
role they may play in skin disorders associated 
with a lterations in t he regu lation of their cellular 
kinetics (21, 22, 23). Many of the above aspects 
regarding these enzymes in addition to the nature 
of their subunit(s) structure and their interaction 
are presently under investigation . 
The authors wish to thank M rs. G. Wardlaw for tech-
nical ass istance. 
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